Control of bacteriochlorophyll (Bchl), magnesium protoporp}yrin monomethyl ester (MgPME), cytochromes, and coproporphyrin by light was studied with chemostat cultures of Rhodobacter sphaeroides growing at a constant dilution rate. By increasing the growth-limiting light energy flux from 10 to 55 W/m2, specific Bchl contents decreased from 19.3 to 7.9 nmol/mg of protein. This was strictly proportional to a decrease in the ratio of B800-850 to B875 light-harvesting complexes. MgPME levels increased from 1.5 to 5.3 nmol/mg of protein, while cytochrome as well as coproporphyrin levels stayed constant at 0.46 and 1.95 nmol/mg of protein, respectively. Since in chemostat cultures steady-state levels of a product represent the rate of synthesis, these results infer only slight control of the rate-limiting step of total tetrapyrrol formation by light. In substrate-limited cultures MgPME was accumulated when growth and Bchl formation approached substrate saturation. This suggests that light controls a second step, i.e., MgPME conversion, whenever too much precursor is available, owing to the low sensitivity of the initial step of control. MgPME was preferentially localized in a subcellular fraction with high contents of B875 complexes. A second fraction exhibiting increased contents of B800-850 complexes lacked significant levels of MgPME. These results are discussed in terms of localization of Bchl synthesis in the membrane system of R. sphaeroides.
The photosynthetic apparatus of the phototrophic bacterium Rhodobacter sphaeroides is located preferentially in intracytoplasmic membranes (ICM) (11, 28) . Formation of the photosynthetic apparatus, and consequently formation of ICM, is controlled by ambient oxygen. At a given oxygen concentration, as well as under complete anaerobiosis, light is an important factor modulating the cellular amounts of ICM (2, 19) . This can be estimated in a first approximation on the basis of bacteriochlorophyll a (Bchl), the central pigment of the photosynthetic apparatus (11, 20, 28, 33) .
In R. sphaeroides, Bchl is the chromophore of three functionally and structurally different pigment protein complexes. These are the photochemical reaction centers and two light-harvesting complexes designated B800-850 and B875 according to their characteristic absorption bands in the near infrared (8, 12) . Formation of the Bchl complexes is controlled by oxygen and light (20, 28) . This control may take place at the levels of both Bchl synthesis and synthesis of the pigment-binding polypeptides. In fact, steady-state cellular levels of mRNA coding for the polypeptides of B875 and reaction center of R. sphaeroides and of the closely related species Rhodobacter capsulatus were shown to be controlled by oxygen and light (21, 34) . Nevertheless, several lines of evidence suggest that the final assembly of Bchl complexes is rate-limited at a posttranscriptional level (10, 19, 29) .
In wild-type R. sphaeroides, inhibition of Bchl synthesis by oxygen can be explained by the oxygen-mediated repression of 5-aminolevulinic acid (ALA) synthase (24) . In phototrophic chemostat cultures of R. sphaeroides, however, a sudden increase in the light energy flux did not decrease the total activity of ALA synthase, although Bchl synthesis was inhibited in a fashion comparable to the immediate inhibitory effect of aeration (31) . This leaves open the possibility that light controls the activity rather than the formation of ALA synthase. In fact, the ALA synthase activity of cell extracts could be inhibited by light of characteristic wavelengths (30) .
The physiological significance of this effect, however, remained unanswered.
Assuming that total tetrapyrrole formation is rate-limited by the activity of ALA synthase (24) , chemostat cultures provide a technical means to estimate the in vivo activities of the enzyme by multiplication of steady-state levels of the predominating tetrapyrrole species with the dilution rate (D). This approach was used in the present investigation to study the control of different tetrapyrrole species, as well as of total tetrapyrroles, by light. Evidence is presented that light controls the conversion of magnesium protoporphyrin monomethyl ester (MgPME) into Bchl whenever a surplus of tetrapyrrole skeletons is available. MgPME accumulation is confined to a characteristic membrane fraction, suggesting that this membrane is the preferential site of Bchl formation.
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. sphaeroides strains 2.4.1 and H5 (23) were grown photoheterotrophically in modified medium MS (22) . Unless stated otherwise, this medium contained DL-malic acid (20 mM), L-glutamic acid (10 mM), KH2PO4 (3.7 mM), K2HPO4 (2.9 mM), (NH4)2SO4 (6.1 mM), MgSO4. 7H20 (0.8 mM), CaCl2 (0.27 mM), MnSO4 H20 (5 ,uM), iron(III) citrate 5FH20 (10 p.M), nicotinic acid (1.0 mg/liter), thiamine hydrochloride (1.0 mg/ liter), and biotin (10 ,ug/liter). The growth temperature was constant at 30°C. Cultures were illuminated with incandescent light, as detailed in the Results section. Continuous chemostat cultures of the wild type were grown anaerobically in a thermostated culture vessel (15) . All of the results are based on at least four independent growth experiments.
Determination of tetrapyrroles and Bchl complexes. Bchl was quantified after extraction into acetone-methanol (7:2, vol/vol) (6) . The amounts and ratios of B875 and B800-850 were calculated on the corrected absorption bands at 875 and 850 nm, respectively (9), as well as on the molar absorption coefficients (7, 29) . Coproporphyrin was determined after extraction of 10-ml culture samples with 0.15 N HCI (25 In order to quantify MgPME, 5 to 20 mg of sedimented cells was extracted twice with acetone-methanol (7:2) . The' combined extracts were concentrated by evaporation, spotted on silica gel thin-layer plates, and separated with chloroform-methanol-distilled water (65:25:4, by vol). Through this MgPME was separated from Bchl and carotenoids. After extraction into ether, the absorption spectrum was recorded and the concentration of MgPME was determined by using E419 = 308 mM-1 cm-' (14) . The spectra exhibited absorption peaks at 419, 552, and 590 nm at relative heights in agreement with those published for MgPME (13, 14) .
Further identification of the pigment was possible after thin-layer chromatography on cellulose MN 3000 (Machery, Nagel and Co., Duren, FRG). With the solvent system acetone-light petroleum (bp 60 to 80°C)-acetic acid (30:70: 0.1, by vol) the Rf value of the pigment was 0.4, corresponding to an Rf of 0.395 for authentic MgPME (13) . Treatment with 1 M HCl removed the magnesium, and the Rf became 0.75, in agreement with 0.74 for protoporphyrin monomethyl ester' (13) . Alternatively, the pigment was run in 2.6-lutidineammonia (0.05 M) (10:7, vol/vol). The observed Rf value in this solvent system was 0.89, corresponding to 0.88 for MgPME (18) .
Membrane isolation. Cells were harvested and washed with 0.02 M Tris hydrochloride buffer (pH 7.6). This buffer, supplemented with 2 mM dithiothreitol, was used throughout the following steps, performed at 4°C. Cell pastes, suspended in buffer, were homogenized by two passages through a precooled French pressure cell (20,000 lb/in2).
After centrifugation of the homogenates for 10 min at 11,950 x g, the resulting supernatants were layered on top of linear sucrose density gradients (25 to 55%) and separated after centrifugation for 18 h at 123,000 x g (rotor SW41, Beckman) into two pigmented bands which were withdrawn for spectral analyses. Protein was determined by the method of Lowry et al. (26) . growth-limiting substrate in the feed medium, and s is the steady-state substrate concentration. Since s is usually negligibly low, X varies in direct proportion to SR. In studies employing phototrophic bacteria, the energy source, light, may be used as a growth-limiting factor (1) . Under these conditions, different rates of light limitation become an important tool to obtain reproducible results on the regulatory effect of light on the development of the photosynthetic apparatus. Therefore, it was a prerequisite of the present study to first establish conditions of light limitation. When R.
sphaeroides was grown at a D of 0.06 h-' in the complete medium described above, biomass production was unequivocally limited by light of 10 to 55 W/m2 (Fig. 1) . Since steady-state Bchl concentrations in the culture exhibited only slight changes, the specific Bchl contents of cells depended inversely on the light energy flux. Bchl contents were directly proportional to changes in the ratio of B800-850 to B875 (Fig. 2 ). These results demonstrate that under the present conditions, light controlled not only growth but also the development of the photosynthetic apparatus.
On this experimental basis, steady-state levels of Bchl, coproporphyrin, and total cytochromes were determined cm) with cultures adapted to different light energy fluxes (Fig. 3) . After extraction with acetone-methanol, some samples exhibited an absorption band at about 420 nm in addition to the characteristic absorption bands of Bchl and carotenoids. This pigment, identified as the Bchl precursor MgPME, was included subsequently in tetrapyrrole analyses. Less than 5% of the total amount of MgPME was excreted by the cells and detectable in the culture fluid. Since cellular steady-state contents of MgPME increased with increasing light energy flux, the total contents of magnesium tetrapyrroles decreased to a significantly lesser extent than specific Bchl contents. Specific contents of coproporphyrin and total cytochrome, on the other hand, did not show any lightdependent variation. Thus, under the present conditions, the specific levels of total tetrapyrroles decreased by 28%, while the level of Bchl decreased by 55%.
Coproporphyrin as well as MgPME accumulation has frequently been observed in cultures growing under iron deficiency (18, 24) . In the present case the growth medium contained as much as 10~iM iron ions. Enhanced MgPME formation by R. sphaeroides, however, required iron concentrations below 1.8 FLM (18) . Nevertheless, in order to confirm that pigment formation did not become iron limited, control experiments were performed at a supply of 50 ,uM iron ions. However, this had no significant influence on either coproporphyrin, cytochrome, Bchl, or MgPME formation.
It has been reported that R. sphaeroides may excrete heme into the medium (16, 24) . Under the present conditions, however, heme could not be identified in the culture medium.
Tetrapyrrole formation under conditions of iiialate limitation. Accumulation of intermediates, in the biosynthetic pathway of metallotetrapyrroles indicated that the cells formed higher amounts of the tetrapyrrole skele.ton than were present in the functional complexes. Since Steady-state levels of protein as well as of Bchl were clearly dependent on malate in a range of SR = 2.5 to 15 mM (Fig. 4) . But because Bchl formation was limited to a higher extent than cell protein formation, specific Bchl contents increased with increasing malate concentrations up to only 15 mM. Traces of MgPME became detectable at SR = 5 mM malate, while the formation of higher amounts of precursor required SR = 10 mM or more. Under these latter conditions, cellular MgPME levels as well as the molar ratio of Bchl to MgPME became constant. The ratio of B800-850 to B875 remained constant at 0.56 under conditions of MgPME production.
In order to confirm the dependence of MgPME production on high substrate supplies, the ALA synthase deficient mutant H5 of R. sphaeroides was grown in batch culture on MS medium supplemented with different ALA concentrations ( Table 1 ). The organisms were grown for 48 h in order to make sure that all of the substrate was used up. Subsequent analyses revealed that specific Bchl contents increased with increasing ALA concentration, while MgPME was formed only at the highest of the three ALA concentrations. Intracellular localization of MgPME. More than about 95% of the total MgPME was bound to the cells. Therefore, it was of interest to study the intracellular localization of the precursor. Analyses of cell homogenates after differential centrifugation (160,000 x g, 150 min) showed that by far most of the precursor (>85%) sedimented together with Bchl-containing material. Nevertheless, absorption spectra of the resulting supernatants still exhibited absorption properties characteristic of MgPME. Since it is known that small membrane fragments are not completely sedimented during a relatively brief period of centrifugation at high velocity, the question remained open whether the pigment present in the supernatant was soluble or membrane bound.
In order to answer this question, cell homogenates were separated by sucrose density gradient centrifugation. After this, two pigmented bands could be identified in the upper and the lower parts of the gradients. Materials of both bands were removed from the gradients and adjusted to the same volume with buffer. Therefore, the absorption spectra shown in Fig. 5 Fig. 5 ). The upper (A) and lower (B) pigmented bands were removed from the density gradient and diluted (1:5) with aerated Tris buffer lacking dithiothreitol. After storage at -20°C overnight, the samples were thawed and the absorption spectra were measured directly after thawing (Al) as well as 5 h (A2) and 12 h (A3) later. For comparison, the absorption spectrum of the lower pigmented band (B3) was recorded 12 h after thawing.
contribution of cytochromes, advantage was taken of the oxidative breakdown of MgPME in the presence of air (4) . Material of the two pigmented bands was diluted at a ratio of 1:5 with aerated Tris hydrochloride buffer (0.02 M, pH 7.6) lacking dithiothreitol. After storage at -20°C overnight, the samples were thawed and the absorption spectra were recorded directly after thawing (Fig. 6 , Al) as well as 5 h (Fig.  6, A2 ) and 12 h (Fig. 6, A3 ) later. Obviously, upon exposure to oxygen, the upper pigmented band almost completely lost the pigment absorbing at 422 nm (compare with Fig. 5A ). This effect could not be reversed by the addition of dithionite, inferring no significant contribution of the cytochrome Soret band. Exposure of the lower pigmented band to oxygen had no effect with respect to the absorption properties.
DISCUSSION
Steady-state levels of a product (P) in chemostat cultures are defined by the equation dP/dt = (u -D)P = 0. This means that multiplication of P by ,u or D yields the rate of VOL. 170, 1988 synthesis of P. Since the experiments of the present investigation were performed at constant D values, steady-state levels of different tetrapyrroles represent the rates of their syntheses. Moreover, total tetrapyrrole levels represent the activity of the rate-limiting step of the entire pathway, which is assumed to be at the level of ALA synthase (24) . According to the results of this investigation, light had only a minor effect on the total steady-state tetrapyrrole contents of cells, implying only a minor effect as well on the specific activity of ALA synthase. The effect of light was much more pronounced when determined on the basis of Bchl formation. The difference between total tetrapyrrole and Bchl levels was largely the result of light-dependent MgPME production.
In other words, Bchl formation was controlled at two stages: the initial formation of ALA and, more specifically, the conversion of MgPME. Obviously, the latter became important whenever a surplus of tetrapyrrole skeletons was available. This agrees with the enhanced formation of MgPME when iron tetrapyrrole synthesis was inhibited either under conditions of iron deficiency or by the inhibitor N-methylprotoporphyrin dimethyl ester (16, 18) .
Localization of MgPME in a particular fraction characterized by its relatively slow migration in density gradients as well as by the contents of B875 complexes is of considerable interest with respect to the site of Bchl synthesis. It has been proposed that the development of ICM is initiated by the incorporation of reaction centers and B875 complexes at specific sites into the peripheral cytoplasmic membrane (CM) (5, 27, 32) . Some of the B800-850 complexes are added to these sites as well, but by far most of them become integrated into the developing ICM (27, 28, 32) .
The initiation sites of ICM formation have been separated from ICM by rate zone centrifugation of cell homogenates on sucrose density gradients (27) . These initiation sites formed an upper pigmented band together with unpigmented membrane fragments derived from the peripheral CM, while ICM formed a lower band (17, 32) . All of the characteristics of the upper and the lower pigmented bands are identical with those of the two bands isolated herein. Since accumulation of MgPME was largely restricted to the upper fraction, it may be concluded that Bchl synthesis takes place preferentially at the peripheral membrane, if not at the invagination sites. In this context it is important to remember that phospholipids are synthesized in the CM as well before they are transferred into the invaginating ICM (20, 32) . ACKNOWLEDGMENTS I thank B. Tease for improving the English. I thank the Deutsche Forschungsgemeinschaft for financial support (Dr29/30-1/3).
